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1. Introduction 
In Brazil, Latosols are by far the main class of soils, mainly when one considers the soils 
potentially used for agricultural purposes. They cover approximately 50% of the Cerrado 
Biome, totaling about 200 million hectares, in [46, 52]. The clay mineralogy of these soils are 
very simple, basically composed by 1:1 clay minerals, mainly kaolinite, and varying 
proportions of iron- and aluminum-oxides (in this chapter this general term includes oxides, 
hydroxides and oxi-hydroxides). As the oxides content increases, they tend to be associated 
with the formation of granular structure, composed by very small and resistant micro-
aggregates, occurring in both superficial and sub-superficial soil horizons. 
To explain the formation of micro-aggregates in these highly weathered Latosols, in [30, 31] 
it is highlighted that iron- and mainly aluminum-oxides act as aggregating agents of mineral 
particles by changing the arrangement of their components in relation to the plasma, 
resulting in granular aggregates with a diameter < 300 µm, in an agglutinated pattern, 
having a high pore volume, which is in turn organized into interconnected cavities, in [100]. 
Consequently, in these soils, the pore distribution by size is predominantly characterized by 
two distinct classes of pores: the first one is related to very large or structural pores (among 
micro-aggregates), which promote rapid internal drainage of the soil, however, they are 
very susceptible to alteration; and the second one is related to very small pores or textural 
pores (inside micro-aggregates), in which water is retained with very high energy, in [10, 21, 
63]. This segregation of contrasting pores is typical of oxidic Latosols from this region, in 
which the increase of clay content is associated with higher total porosity and lower bulk 
density, in [31, 37, 46, 72, 88, 89]. 
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Thus, the content and nature of the clay fraction are very important in the hydro-physical 
behavior of these highly weathered soils. Under natural conditions, these soils have a high 
total pore volume, one part being composed by drainable pores (approximately 2/3 of the 
total pore volume; those with diameters > 145 µm), which are of fundamental importance 
for the soil high permeability. However, these soils also have high volume of pores with 
very small diameter (< 2.9 µm; approximately 1/3 of the total pore volume). Therefore, in 
order to remove the residual water content a considerable amount of energy is required, in 
[63]. Small amounts of water have been observed to be adsorbed on the soil matrix under 
300.000 kPa pressure, in [10]. 
In the current stage of evolution of the agricultural systems in Brazil, in which yield 
increments are searched without increasing the productive area, it is necessary to 
understand in details the hydro-physical behavior of these Latosols, taking into 
consideration the environmental sustainability, in which underground water recharge is 
fundamental for the maintenance of the most varied types of edaphical life. It should be 
mentioned that irrigated agriculture in this region is undergoing accelerated growth and it 
is not clear until now if the existing water resources are sufficient to support this expansion, 
in [78]. These soils are usually very deep, providing large reservoirs of water for crops, since 
there are no chemical constraints for the expansion of the crop root system. Even in the sub-
superficial soil horizons, the residual water plays an important role in the maintenance of 
adequate thermal and physical conditions, which minimizes root death during the 
pronounced dry season, which is typical of this region.  
2. Cerrado biome, mineralogy and structure of Oxidic Latosols 
The Brazilian Cerrado, which is the second largest biome in the country, is located in the 
central part of the South America, including large portions between parallels 3 ° and 24 ° 
south and between parallels 41º and 63º west. In Brazil, the biome occupies approximately 
23.92% of the territory, covering several states (Mato Grosso, Mato Grosso do Sul, Rondônia, 
Tocantins, Minas Gerais, Bahia, Maranhão, Piauí, Sao Paulo, and particularly Goiás and the 
Federal District, where this vegetation covers the landscape on a relatively more continuous 
way (Figure 1), but there is still remaining “islands” of this biome in Pará, Roraima and 
Amapá states, in [5]. The soils that support this biome are hydrologically important since the 
major basins (Amazônica, Platina and Sanfranciscana) have many of their springs in this 
region, in [29, 47]. 
The Cerrado can be defined as a formation composed of tropical vegetation, represented 
mainly by grasses, with sparse trees and shrubs, in other words, including floristic and 
physiognomic aspects of vegetation, constituting a unique biome, in [29], also called 
neotropical savanna. The soils are represented by Latosols (Oxisols) (50%), Argisols 
(Ultisols) (15%), Quartzarenic Neosols (Entisols) (15%), Cambisols (Inceptisols) (10%) and 
Plinthosols (Oxisols having drainage restrictions) (6%) and other soils (4%), in [78]. The 
Latosols and Quartzarenic Neosols are located in predominantly gentle relief associated 
with a very sparse hydrography. 
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Figure 1. Cerrado area in Brazil, highlighting Goiás state and Federal District (darker area) (Source: [85]) 
The Latosols are considered the oldest soils on earth. They go from deep to very deep, non 
hydromorphic, and show great textural variation with clay content ranging from 150 g kg-1 
to more than 800 g kg-1 [88, 89]; exhibit low natural fertility due to the strong weathering-
leaching, which contrasts with their excellent physical conditions favored by the strong and 
very small granular structure. Latosols also tend to present high acidity (pH 4.0 to 5.5), low 
cation exchange capacity, high anion adsorption capacity (especially phosphate and heavy 
metals) and low levels of available P (phosphorus) to plants [27, 46, 77]. 
The beginning of weathering of Latosols in this region dates from the Cretaceous and 
Tertiary, in [54]. They were formed under conditions of significant weathering-leaching, 
which contributed to their advanced degree of pedogenic development, resulting in a very 
simple mineralogy, in [76]. Their clay mineralogy consists basically of 1:1 clay minerals, 
mainly kaolinite (Si2Al2O5 (OH)4), iron oxides (hematite (Fe2O3) and goethite (FeOOH)) and 
aluminum oxides (gibbsite (Al(OH)3)) in different proportions, as well as quartz and other 
resistant minerals, in [16, 38, 39, 44, 46, 54, 65, 73, 74, 75, 76, 77, 83]. There are also registers 
in the clay fraction of some Latosols formed from rocks richer in iron, of maghemite (Fe2O3) 
as well as magnetite (Fe3O4) and ilmenite (FeTiO3) in the coarse fraction [93, 97]. The 
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identification of hydroxi-interlayered vermiculite in the clay fraction of A and B horizons of 
some Latosols has been also registered, in [71].  
Knowledge of Latosol genesis facilitates the identification of their corresponding classes 
in international soil classification systems: the Oxisols in Soil Taxonomy, in [92] and the 
Ferralsols in World Reference Base [43]. As peculiar characteristics of Latosols can be 
cited: the presence of latossolic B horizon (Bw = intense weathering), minimal 
differentiation between A and B horizons, color varying from reddish to yellowish, 
depending on the parent material and the factors and processes of soil formation, in [15, 
54]. They exhibit weak macrostructure and strong microstructure [28, 30, 31], resulting in 
50-300 µm size micro-aggregates, in [100]. These soils constitute the largest class in terms 
of territorial expression having high potential for agriculture, forestry and livestock 
purposes, in [46]. 
The pelitic rocks of the Bambuí Group which occur in Minas Gerais, Bahia and Distrito 
Federal states are important parent materials of many Latosols of the Cerrado Biome. These 
rocks are fine grained, resulting in clayey or very clayey soils. In these soils, the kaolinite is 
the mineral with higher expression in the clay fraction, in [66] and its presence in 
combination with low levels of iron and aluminum oxides favors the hard consistency when 
the soil dries, and higher bulk density, which is related to the blocky macrostructure, 
function of the face-to-face arrangement of the kaolinite plates in [30, 31]. 
Ferreira et al., in [30] relating the mineralogy and structure of Latosols in southeastern 
Brazil, stratified them into kaolinitic or gibbsitic soils: in kaolinitic Latosols the 
micromorphological evaluation showed that the distribution of quartz grains in relation to 
the plasma, is porphyric. In other words, the grains are enveloped in a dense and 
continuous plasma, with little tendency to develop the microstructure. This phenomenon is 
associated with the blocky structure, so that the soils are more compact, less permeable, 
with lower aggregate stability in water and have a greater susceptibility to sheet erosion. On 
the other hand, the gibbsitic Latosols show a more uniform distribution of the minerals in 
relation to the plasma, resulting in smaller granular and resistant aggregates (< 300 µm 
diameter), in an agglutinated pattern, influencing higher void ratio, which are in turn 
arranged into interconnected cavities, in [100], showing a greater susceptibility to gully 
erosion. 
Consequently, in these soils the pore distribution by size is characterized by presenting 
predominantly two distinct classes of pores: the first one is related to very large or structural 
pores (among micro-aggregates), which promote rapid internal drainage of the soil being, 
however, very susceptible to alteration; and the second one is related to the very small pores 
formed among the mineral particles (inside micro-aggregates), in which water is retained 
with very high energy, characterizing it as hygroscopic water, in [19, 21, 63]. This 
segregation of contrasting pores is typical of the oxidic Latosols from this region, in [73]. 
Usually, increasing the clay content of these oxidic Latosols results in increased total 
porosity and lower bulk density, in [30, 31, 89]. 
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Based on this knowledge it can be understood that in very weathered tropical soils the 
micro-aggregates are very resistant and play a prominent role in the formulation of the soil 
aggregation hierarchy hypothesis. An indication of this resistance is the difficulty of 
evaluating the clay content in the field, requiring more time for reliable estimates, in [13]. 
This micro-aggregates resistance also manifests itself in the laboratory analysis of particle 
size distribution, mainly during the chemical and mechanical soil dispersion, in [38, 39, 63, 
99]. 
3. Bimodal pore distribution and water retention of oxidic Latosols 
The development of a specific type of soil structure is usually a consequence of the parent 
material and soil formation processes and factors, and these will condition many of the 
physical properties of soil. Marshall, in [55] stated the soil structure is defined as the 
arrangement of soil particles and the associated voids, including shape, size and 
arrangement of the aggregates formed by the primary particles (sand, silt and clay) which 
are grouped into units defined by limits. Marcos, in [53] cited that the morphological 
evaluation of the soil structure is qualitative, while the physical evaluation is functional. 
It is known that soil macrostructure is strongly affected by climatic changes, biological 
activity, as well as the land use and soil tillage, being vulnerable to mechanical and physical-
chemical forces, by according to Hillel, in [41]. In another words, composite structural units 
or aggregates are formed by aggregation of primary mineral particles in association with 
organic particles, especially the humidified ones, in [91], originating the soil structure, which 
influences the porosity. Thus, the aggregates have their own genesis reflected in their size, 
shape, composition and stability, in [9, 98].  
According to with this soil structure model, there is a strong influence of the mineralogical 
components of the clay fraction upon formation of a particular structure type. It is reported, 
for instance, that oxides (mainly gibbsite, followed by iron oxides-goethite and hematite) 
jointly with organic matter, in this order of importance, tend to disorganize the particles at 
microscopic scale, in [30, 77]. 
Therefore, the higher content of these components has a greater degree of disorganization 
and, consequently, the structure tends to become of the granular type. So, gibbsite, iron 
oxides and organic matter are precursors and maintainers of the granular structure, which is 
typical of oxidic Latosols in the Cerrado Biome, and it results in high permeability values, in 
[30, 31]. 
In Latosols, the granular structure type is responsible for a lower bulk density and a higher 
porosity values compared to the blocky structure (kaolinitic Latosols), in [10, 22]. The 
developments of structural- or among micro-pores (> 50 µm diameter) are more expressive 
in oxidic Latosols, followed by textural- or inside -micro-pores (< 50 µm diameter), in [14, 
50, 63]. In oxidic Latosols, the structural pores exhibit a relationship with clay content 
reflecting on their hydro-physical attributes such as water retention. This feature can be 
considered a special characteristic of oxidic Latosols, in [31, 86-89]. 
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Therefore, the presence of this type of structure formed by stable micro-aggregates, 
especially in the Bw horizons of oxidic Latosols, consequently determines the dominance of 
structural porosity over textural porosity, giving to these soils excellent permeability and 
moderate to low water retention, in [14]. 
The voids of the soil are formed by various processes that result in different pore shapes and 
sizes that affect the soil functions. For instance, the water and gases transportation occurs 
through the interconnected pores. The soil structure is considered to have various 
hierarchical levels, namely: a) groups of primary particles which comprise micro-aggregates; 
b) groups of micro-aggregates comprising aggregates; and c) groups of aggregates 
comprising much larger aggregates or soil clumps, in [19]. 
The pore distribution by size affects the soil hydro-physical dynamics. In the literature there 
are several classification schemes for pore diameter, highlighting the most simplified ones 
that separate two classes of pores: macro-pores, when the pores have a diameter > 50 µm, 
and micro-pores, when the pores have a diameter < 50 µm, as proposed by Kiehl, in [49] and 
Richards, in [79]. Pores of intermediate size, meso-pores, have lower expression in the 
Latosols from the Cerrado Biome, in [10]. 
There are equations that aim to quantify the pore size. Bouma, in [6] proposed the following 
equation: D = 4σ cos θ/Ψm, being: D = pore diameter (mm), σ = water surface tension (73.43 kPa 
at 20 °C); θ = contact angle between the meniscus and the wall of the capillary tube (assumed 
to be 0) e Ψm = matric potential (kPa). However, there are simple and straightforward methods 
to determine the pore size distribution, for example, using mathematical models to describe 
the water retention curve, because it is known that the shape and slope of the curve 
correspond to the homogeneity of the distribution of pore diameter, in [2, 19, 36].  
Thus, the bimodal pore distribution of oxidic Latosols can be represented from the water 
retention curve, in [10]. When using the shape of the curve, the first inflection point occurs 
at low matric potentials (between 1 and 3 kPa, in absolute value) identifying structural 
pores, while the textural pores are represented by the second inflection point that occurs at 
extremely high matric potentials (between 10.000 and 20.000 kPa). Between these maximum 
points it can be observed that the asymptotes, related to the presence of intermediate pores, 
have low expression in oxidic Latosols in [10, 21, 22, 75]. In soils of temperate regions, the 
bimodality has been observed within the range of the standard curve of water retention, in 
the range from 1 to 1.500 kPa in [21, 22] due to the more uniform pore distribution, 
compared to soils of tropical regions. 
It is noteworthy to remember that the soil water retention depends on pore distribution, and 
this is influenced by various factors such as structure, particle size distribution, organic 
matter, clay mineralogy, as well as biological activity. There are two possible reasons for the 
influence of mineralogy on the soil water retention: a) specific surface area; and b) presence 
of electrical charge of clay minerals. The larger the specific surface area and the higher the 
electrical charge is, the more water can be bound to the clay minerals, in [62, 34]. 
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Thus, there is a substantial process of water being adsorbed on the surface of clay minerals 
by electrostatic forces and, hence, the water retention. Gaiser et al. [35] observed significant 
differences in soil water retention with different mineralogy, noting that soils with low 
activity clays (1:1 clay minerals and iron- and aluminum-oxides) retain less water when 
compared to soils that have high activity clays (2:1 clay minerals), using pedotransfer 
functions. Several studies have indicated a strong influence of clay fraction on water 
retention in Latosols, in [1, 4, 10, 11, 70, 73, 89]. A few authors claim that clayey Latosols 
having oxidic mineralogy favor higher water content and more gradual decrease of soil 
water content with increasing matric potential (in absolute value). The study of water 
retention developed by van den Berg et al., in [96] in Latosols from different regions showed 
that the increased release of water occurs at low potentials (between 5 and 10 kPa) similar to 
what happens with very sandy soils. The spatial variability of water retention in clayey 
Latosols was studied by Cichota & van Lier, in [12]. These authors observed that the water 
retained at matric potentials ranging from 1 to 100 kPa is not strictly related to the content of 
clay, which confirms the theory of Raws et al., in [70] that at low matric potentials the 
retention curve is directly influenced by structure stability and consequently by the 
formation of pores in addition to the indirect effects of organic matter. 
Many advances have been made in order to better characterize soil water retention. More 
sophisticated devices as the WP4-T, in [18] should be highlighted, which allows the 
quantification of the residual water retained at high matric potentials. The residual water 
retained in the textural pores of oxidic Latosols, although considered unavailable to crops, 
in [50, 80], may reflect significant water content (up to 0.25 g g-1) in more clayey soils, in [10]. 
So, it becomes of great interest in studies involving regulation of microbial and biochemical 
processes in the soil, in [60], re-induction of desiccation tolerance of germinating seeds and 
seedlings when subjected to high matric potentials (Ψm > 1.500 kPa), in [81] and it can act as 
a lubricant between aggregates, when the soil undergoes external pressure during 
mechanized operations in [23]. 
4. Modeling the water retention curve of oxidic Latosols 
Water retention curve has been used to describe the dynamics of the soil water, in [20, 36]. 
This curve graphically represents the relationship between the energy of water retention 
(matric potential, in logarithmic scale) and water content, which is dependent on the 
intrinsic characteristics of each soil, the result of joint action of soil attributes such as texture, 
structure, mineralogy and organic carbon, in [4, 19, 37, 40]. 
Several types of adjustments to the water retention curve have been used, in [25, 36] for 
describing the soil hydro-physical performance. However, in order to identify the bimodal 
distribution of pores in oxidic Latosols the double van Genuchten model was recently 
proposed by Carducci et al., in [10]. Based upon the shape of the curve, the first inflection 
point usually occurs at low matric potentials, representing the structural pores, while the 
textural pores are represented by the second inflection point that occurs at higher matric 
potentials. For soils from temperate regions, the bimodality of pore distribution has been 
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observed within the range of the standard curve of soil water retention, in other words, in 
the range from 1 to 1.500 kPa (in absolute value), in [22] because there is a more uniform 
distribution of pores, when compared to soils from tropical regions. This mathematical 
model allows to identify, with high predictive power, the bimodal density function for the 
pore size distribution of tropical soils in a more superior range than to the one of the 
standard curve: 1 < Ψm < 300.000 kPa). 
One purpose of science is to find, describe and predict the possible relationships between 
events occurring in the environment. A common practice is to develop models that relate 
these events. For this purpose, statistical modeling is widely used, mainly by the use of 
linear and nonlinear regression models, in [56]. The two classes of regression models differ 
mainly in aspects related to their application and the characteristics linked to the 
mathematical form. The choice of which model to consider in fitting a certain set of data can 
be made intuitively, or through a graphical which expresses the function of the variables or 
prior knowledge of the phenomenon in question.  
The linear models are widely used for presenting analytical solution for estimating 
parameters and statistical properties. The interpretation of these parameters is purely 
mathematical, based on rate of variation of the dependent variable in relation to the 
independent variables, in [94]. Furthermore, the use of a linear model for predicting 
values outside the range of observed values of independent variables is not advisable. 
Although the linear model is very flexible, since many models can be formulated by the 
combination of independent variables, in [26], there are several types of models which are 
based on theoretical considerations inherent to the phenomenon which one has interest in 
knowing, i.e., the called mechanistic models, in [56, 84]. Generally in these models the 
parameters have practical interpretation and the prediction of values is allowed, since 
when considering the mechanistic model the restrictions which ensure the model utility 
are imposed, in [3]. 
A model is considered nonlinear when the mathematical expectation of a dependent 
variable "Y" cannot be written as a linear function of parameters in a regression model. 
Historically, nonlinear regression models date from early 1920’s, in [33]. However, the 
application and a detailed investigation of these models had to wait for the advancements 
allowed by computational calculations after 1970, in [24]. 
The rise up of nonlinear models often accompanies the forecasts involving physical and/or 
biological dynamics about the phenomenon under study in [102]. Such expectations are 
based upon models in which the parameters have practical significance in describing the 
phenomenon that is observed. 
The function of statistics in this scenario is to evaluate, select, and provide models and tools 
for better understanding of these phenomena. An overview of a nonlinear model considers a 
set of p columns of a matrix X and a vector of parameters θ = (θ1,...,θk)T such that the average 
related to a response Y is given by: 
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 ܧሺܻ|ܺ = ݔሻ = 	݂ሺݔ, ߠሻ  (1) 
Where ƒ is the function average or expectation of Y. Unlike linear models, the numbers of 
columns of the matrix X does not necessarily need to be equal to the number of parameters 
in the vector θ. Many of the functions impose restrictions on parameters (eg: θi > 0, i = 1,...,k) 
due to both practical interpretations of the compatibility of mathematical relationships. The 
variance of Y in turn is given by: 
 ܸܽݎ	ሺܻ|ܺ = ݔ௜ሻ = 	ߪଶ  (2) 
The above equations, including the presupposition of independence between observations, 
define the classic nonlinear model. The only difference between the classes of models is the 
form of the expectation function. The function is nonlinear regarding the parameters, and 
therefore, many parallels can be drawn regarding the procedures for estimation of 
parameters and statistical inference. The fitting of nonlinear models can be obtained by 
minimizing the residual sum of squares, RSS(θ), where: 
     2
1
,
n
i i
i
RSS y f x 

    (3) 
By inspection of all values from the parameter space of θ € ߆. 
For linear models there is an analytical solution for the estimating ߠ෠ that minimizes RSS(θ). 
For nonlinear models the search for the minimum point of equation (3) is usually a problem 
with the numerical solution. Such problem uses a linear approximation of nonlinear 
function that converges to the minimum point at each iteration, in [48]. This procedure, as 
expected, also provides rough estimates for standard errors and hypothesis tests, and such 
approach is a function of how strong the nonlinearity of the model. 
The Taylor series approximation of the function of expectation around a value θ* 
considering expanding to the second term, can be written as: 
   ݂ሺߠሻ ≅ ݂ሺߠ∗ሻ + ܨሺߠ∗ሻሺߠ − ߠ∗ሻ + ଵଶ ሺߠ − ߠ∗ሻ்ܪሺߠ∗ሻሺߠ − ߠ∗ሻ   (4) 
Where F (θ*) and H (θ*) are the score matrix and hessian arrangement, respectively. The j-th 
column vector of the score matrix is given by ∂ ƒ (x, θ) = ∂θj and the jl-th column vector of 
the hessian matrix is given by ∂2ƒ(x, θ) = ∂θj∂θl, both evaluated at θ = θ*. 
Omitting the second term of the expansion (4), we can rewrite (3) as: 
ܴܵܵሺߠሻ ≅෍൫ݕ݅ − ݂ሺݔ݅, ߠ∗ሻ − ܨሺߠ∗ሻሺߠ − ߠ∗ሻ൯ଶ௡௜ୀଵ 	
 * * * 2
1
ˆ( ( ) ( ) ( ))
n
i
i
e F   

    (5) 
êi* is the current residuum that depends on the current value of θ* in the iterative process. In 
the re-writing of the matrix form, the minimization process can be written as: 
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 ߠ෠ ≅ ߠ∗ + ሾܨሺߠ∗ሻ்ܨሺߠ∗ሻሿ	ିଵܨሺߠ∗ሻ்݁̂∗   (6) 
The equations (6), below, are applied in two forms: first to support the algorithm for the 
estimation of θ and the second as the basis for statistical inference on the parameter 
estimates, in [48]. The majority of statistical packages use the Gauss-Newton algorithm to 
find the parameter estimates in nonlinear models. Other packages also present derivative 
forms or algorithms based on other optimization processes. Practically algorithms differ 
at execution time. However, the efficiency of any one of them is very dependent on the 
value θ(0) and ߠ෠ given at the beginning of iterative process. Depending on the numerical 
distance between θ(0) and the algorithm can converge to a local minimum, or even not 
converge, therefore, suitable choices for θ(0) in this sense are more important than the 
iterative method. 
At each iteration the algorithms gets closer to the θ value which minimizes the sum of 
squared residuals, and hence ê* increasingly approaches the final residue. In this process 
one can think that ߠ෠ is equal to the parametric value plus a linear combination of random 
variables (e), so by the limit central theorem and satisfying certain regularity conditions, ߠ෠ 
will present approximately normal distribution, in [84]: 
  ߠ෠~ܰሺߠ, ߪଶሾܨሺߠሻ்ܨሺߠሻሿିଵሻ   (7) 
 
An estimate of the variance is obtained by replacing in θ by ߠ෠ in equation (7), 
  ܸܽݎ෢ ൫ߠ෠൯ = ߪොଶ ቂܨ൫ߠ෠൯்ܨ൫ߠ෠൯ቃିଵ   (8) 
In which the second estimate ߪଶ is: 
   ߪොଶ = ோௌௌ൫ఏ෡൯௡ି௞    (9) 
Where k is the number of estimated parameters of the expectation function and n is the 
sample size. 
These results are generalizations of those obtained in linear models, and hence, the 
inferential methods such as F test for comparison of corresponding models, t for testing 
hypotheses about the parameters, can be applied to nonlinear models. These tests are simple 
extensions of the applied ones to linear models that are submitted to an appropriate linear 
approximation. Due to this, in contrast to the linear case where the same hypothesis is 
inspected similarly by different procedures with the same descriptive level, in nonlinear 
models equivalent tests may lead to differing conclusions. For instance, the Wald test for H0: 
Aθ = d may not produce the same result by the F test of model reduction, in [26]. The 
properties of these tests depend both on the sample size and the intensity of nonlinearity of 
the model. 
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Once obtained the estimate of the parameters it is possible to establish the asymptotic 
standard error for expectation E(Y) at a given point xi: 
  ܽݏ݁ ቀ݂൫ݔ௜ , ߠ෠൯ቁ = ටߪොଶ	ܨ෠௜൫ܨ෠்ܨ෠൯ିଵܨ෠௜்   (10) 
Where is ܨ෠௜ is an abbreviated representation of ܨ෠ (xi; ߠ෠). 
An confidence interval of (1 - α) to covering E (Y) in a given association xi can be obtained by: 
  ݂൫ݔ௜ , ߠ෠൯ ± ݐఈ	/	ଶ,௡ି௞ܽݏ݁ ቀ݂൫ݔ௜ , ߠ෠൯ቁ   (11) 
As discussed above, one can see that all inference procedures for nonlinear models admit 
supposition of adequate linear approximation and make use of asymptotic arguments. 
With the method of generalized nonlinear least squares it is possible to model the 
heterogeneity of variance in a specification similar to that used to model the response 
variable average. Davidian & Giltinan, in [17] presented the following expressions for the 
general definition of the variance function: 
   ܸܽݎሺݕ௜ሻ = ߪଶ݃ଶሺߤ௜ , ݔ௜ , ߜሻ, ߤ௜ = ݂ሺݔ௜ , ߠሻ   (12) 
The variance of the response in equation (12) is a function g(∙), which in turn may be a function 
of the response average (µ) of the fixed effect of independent variables (x) and of the parameter 
vector (ߜ) associated with the variance function g(∙). Not necessarily g(∙) must be specified as a 
function of all arguments. The variance function can be represented by any continuous positive 
function, being the most common are the exponential function and power function: ݃ሺߤ௜ , ݔ௜ , ߜሻ = ݁ݔ݌ሺߜߤ௜ሻ 
   ݃ሺߤ௜ , ݔ௜ , ߜሻ = 	 |ߤ௜|ఋ    (13) 
The process of estimating the variance function is based on generalized least squares. 
Following the estimative parameter ߜ and choice of initial values for θ, an iterative process 
to generates definitive values for the parameters by minimization of the pseudo-
verisimilitude function with respect to θ: 
  ܸܲ൫ߠሺ଴ሻ, ߪ, ߜ൯ = ∑ ൭ ൛௬೔ି௙൫௫೔,ఏ෡ሺబሻ൯ൟమఙమ௚మ൫௙൫௫೔,ఏ෡ሺబሻ൯,௫೔,ఋ൯+ ݈݋݃ ቀߪଶ݃ଶ	൫݂൫ݔ௜ , ߠ෠ሺ଴ሻ൯, ݔ௜ , ߜ൯ቁ൱௡௜ୀଵ    (14) 
Technically, the above minimization means the verisimilitude maximization in relation to θ. 
For minimization of the above expression, by iteration, it is necessary the knowledge of θ. 
Regardless of the variance and g(∙) function, minimization of the equation implicates on 
minimization of the sum of squares errors ({yi-ƒ (xi; ߠ෠)}2). However, the most suitable the 
estimated variance values and of the g(∙) function, smaller the sum squared errors. 
Computationally, the algorithm employed provides the joint estimation of the θ, ߪଶ and ߜ 
parameters. 
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The heterogeneity of variance is corrected by specifying the variance function and estimates 
the associated parameters. Therefore, those observations that have larger deviation have 
their influence on the estimation of parameters ponderated by its variance. The standard 
errors of the parameter estimatives at the end of the estimation procedure are considering 
only the variance due to residual error, free of the difference in dispersion observed for the 
response variable. 
Based on concepts of nonlinear models mentioned above, there are applications of these in 
various areas of Soil Science. As plausible examples it can be mentioned nonlinear 
regression models to predict soil nitrogen mineralization, in [67, 68] models of potassium 
release from various sources of organic residue in Latosol, in [101] extraction of zinc from 
sewage sludge, in [95] as well as the nonlinear model of Genuchten, in [36] which is the 
most used worldwide to describe the soil water retention. 
The soil water retention curve is a nonlinear theoretical model which relates to water 
content with the matric potential. This feature is specific for each soil, in [4] being that the 
water content held in a given Ψm depends on the structure, the pore distribution and bulk 
density in which capillary phenomena are of greater importance. However, when the 
adsorption phenomenon governs, it is dependent on the texture and specific surface area of 
the mineral particles of clay fraction, in [1, 4, 41, 70]. 
Its graphic representation is based on the survey of a certain number of points, usually 
selected arbitrarily, by plotting the abscissa axis the logarithm of matric potential (log Ψm) 
and on the ordinates axis the soil water content (U, g g-1, θ, dm3 dm-3). Based on these points, 
a curve is delineated to represent the soil water retention characteristics. 
The knowledge of the water retention curve has practical and scientific applications, 
including: determining the inflection point as being the field capacity, in [20, 32, 57,58] the 
slope of retention curve at the inflection point, in another words, obtaining the physical 
parameter "S", in [19] total water availability and drainable porosity, in [57], water content 
and pore size distribution, in [63, 50] non saturated hydraulic conductivity, in [36, 103] 
among others. 
Several nonlinear models are used to describe the relation between water content and matric 
potential, in [2, 7, 8, 19, 36, 42, 45, 57, 58, 61, 82]. These empirical models continue to be used 
in order to adjust the soil water retention curves because it has not been developed 
theoretical mathematical expressions capable of adequately represent this physical-hydrical 
relationship. In adjusting the water retention curve is expected that the greater the number 
of points, the better representation of the soil water retention in [90]. 
At low matric potentials, the retention curve is directly influenced by the stability of the 
structure and, consequently, by the formation of structural pores in addition to the 
indirect effects of organic matter, in [64, 72]. In high matric potentials, the water retention 
is influenced by textural pores associated with particle size distribution and soil 
mineralogy, becoming the more important due to the available surface for water 
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adsorption, in [51]. This relation between the factors mentioned above characterizes the 
non-increasing monotonic function, which is common to all mathematical models of the 
water retention curve.  
For the soil physical-hydrical description, the theoretical model proposed by Genuchten, in 
[36] has been universally adopted and allows to relate, with high predictive power, the 
retention energy and the water availability, in [19]. This model is characterized by two 
asymptotes, related to soil water content corresponding to saturation and the residual 
content, and an inflection point between the plateaus, which is dependent on soil properties, 
being its shape and its slope regulated by empirical parameters of adjusting of the model 
(“α”, “n” and “m”). The estimative of the water retention curve is given by fitting the tested 
model to the data from the undisturbed soil samples, submitted to the interval of the 
standard matric potential (1 at 1.500 kPa). 
Despite its extensive use in relation to other available models, in [25] it does not adequately 
fit to soils with bimodal distribution of pores, i.e., soils with two contrasting classes of pores, 
classified into structural and textural pores, in [22]. As a result, modelings have been 
proposed which employ equations capable of identifying this distribution, in which these 
pore classes are quantified by means of two maximum points, obtained by derivation of the 
water retention curve, in [2, 19] and consequently, two inflection points.  
The double exponential model proposed by Dexter et al, in [19] allows identifying the 
bimodal pore distribution in soils from temperate region in the matric potential interval 
related to the saturation water content (Usat) up to the residual water content (Ures). On the 
other hand, the Alfaro Soto et al. model, in [2] identifies the bimodal pores distribution in 
tropical soils in a matric potential interval upper to the standard determination (1 < Ψm 
<100.000kPa) of the water retention curve. 
The application of theoretical models, both in unimodal- and bimodal-pore distribution 
soils, provides only the description of the water content average value as a function of the 
matric potential and does not consider the possible correlation attributable to observed 
measurements in the sample at different matric potentials. In addition, these models do 
not consider the heterogeneity of variance, which was studied by Moraes et al, in [59] 
which found reduction of dispersion of the water content by increasing the matric 
potential. 
A new model of adjustment for the water retention curve was proposed, in [10], 
denominated double van Genuchten (Figure 2). So, as well as other models, in [2, 19] the 
derivative of this model presents the bimodal density function for the pore size distribution 
of soil tropical, which stratifies the porosity of these soils into structural and textural pores, 
obtained by two inflection points which are evident from the nonlinear relation among the 
variables, expressed by this model, considering, however, the different matric potential 
interval for establishment of water retention curve (1< Ψm < 300.000 kPa). However, due to 
the higher number of parameters, the template double van Genuchten becomes more 
flexible. 
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The equation below (Figure 2) shows m=1-1/n restriction, in [61] for both curve segments, 
structural (mstr) and textural (mtex). The gravimetric water content and matric potential are 
represented by U and Ψ, respectively. The parameters Ures, Upwp, Usat represent the inferior 
asymptotic plateau (Ψ  ∞) or asymptotic residual water content, the intermediate plateau, 
represent the value of water content which is slightly constant around the permanent 
wilting point and the upper asymptotic plateau (Ψ  0), indicates the saturation water 
content, respectively. The α and n parameters are associated with the scale and shape of the 
curve between top, middle and bottom asymptotes; αstr and nstr (structural) correspond to 
the first segment and αtex and ntex (texture) to the second segment of the curve. This 
procedure of adjusting of nonlinear models can be obtained by employing the 
2.14.1software R, in [69]. 
 
Figure 2. Proposed model for adjustment of the double van Genuchten function for retention curve, 
with the locations of parameters associated with the model, being matric potential (Ψ) and water 
content (U) estimated from the first inflection point (Istr) and the second inflection point (Itex), in [10] 
On the other hand, the water retention curve represents a cumulative distribution, thus, its 
derivative is proportional to the probability density function, and this function represents 
the distribution density of pores by size. The slopes represent the class of pore diameter that 
occurs most frequently. It explains why a larger quantity of water is removed when it is 
applied a tension corresponding to that diameter of the pores and therefore there is a great 
loss of water around this matric potential. The double van Genuchten model generalizes this 
assumption to accommodate the bimodal pore distribution, and therefore, the function has 
two inflection points. 
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5. Final remarks 
A higher content of iron- and aluminum- oxides in the clay fraction of clayey Latosols 
(Oxisols), widely dominant soils in the plateaus of the Brazilian Cerrado Biome, currently 
the most demanded for sustainable grain production, is associated with the soil granular 
structure of these oxidic soils. This structure, when well expressed as in the B horizon of 
these very old Latosols, favors in the soil the existence of two distinct populations of pores: 
the bigger pores or structural pores (among aggregates) and the smaller pores or textural 
pores formed between the mineral particles (inside aggregates). This means that in these 
soils practically there are no pores between these two limits. This condition is also valid for 
sandy soils.  
In this context, the model recently proposed by Carducci et al, in [10], and much detailed in 
this chapter adequately contemplates this bimodal distribution of pore size and 
functionality with respect to soil water retention in these peculiar soils in this important 
Brazilian Biome (one of the last agricultural frontiers in the world). 
This represents a conceptual and methodological advance and an adapted modeling to the 
mineralogical and structural characteristics of these soils, in a region characterized by well-
defined wet and dry season, with direct consequences on the water dynamics in these soils 
and in the environment in general. 
Author details 
Carla Eloize Carducci, Geraldo César de Oliveira and Nilton Curi 
Department of Soil Science, Federal University of Lavras, Brazil 
Eduardo da Costa Severiano 
Federal Institute of Education, Science and Technology of Goiás State, Brazil 
Walmes Marques Zeviani 
Department of Statistics, Federal University of Paraná, Brazil 
6. References 
[1] Ajayi A. E, Dias Junior M. S, Curi N, Gontijo I, Araujo Junior C. F, Inda Junior A. V 
(2009) Relation of strength and mineralogical attributes in Brazilian Latosols. Soil and 
Tillage Research, Amsterdam, 102: 14-18. 
[2] Alfaro-Soto M. A, Kiang C. H, Vilar O. M (2008) Avaliação do escalonamento fractal de 
alguns solos brasileiros. Revista Brasileira de Geociências, São Paulo, 38: 253-262. 
[3] Berthouex P. M, Brown L. C (2002) Statistics for environmental engineers. 2. ed. Boca 
Raton: Lewis Publishers/CRC Press. 
[4] Beutler A. N, Centurion J. F, Souza Z. M, Andrioli I, Roque C. G (2002). Retenção de 
água em dois tipos de Latossolos sob diferentes usos. Revista Brasileira de Ciência do 
Solo, Viçosa, MG, 26: 829-834. 
 
Clay Minerals in Nature – Their Characterization, Modification and Application 164 
[5] Bioma Cerrado/Ibge (2012) Available:  
http://www.ibge.gov.br/home/presidencia/noticias/noticia_visualiza.php?id_noticia=16
9. Accessed 2012 Fev 12.  
[6] Bouma J (1991) Influence of soil macroporosity on environmental quality. Adv. Agron., 
46: 2-37. 
[7] Brooks R. H, Corey A. T (1966) Properties of porous media affecting fluid flow. Journal 
of Irrigation and Drainage Division, Reston, 92: 61-88. 
[8] Burdine N. T (1953) Relative permeability calculations from pore-size distribution data: 
petroleum transportation. Bulletin of the American Institute of Mining and 
Metallurgical Engineers, New York, 198: 71-77. 
[9] Camargo L. A, Marques Júnior J, Pereira G. T, Horvat R. A (2008) Variabilidade espacial 
de atributos mineralógicos de um Latossolo sob diferentes formas do relevo. Ii - 
correlação espacial entre mineralogia e agregados. Revista Brasileira de Ciência do Solo, 
Viçosa, MG, 32: 2279-2288. 
[10] Carducci C. E, Oliveria G. C, Severiano E. C, Zeviani W. M (2011) Modelagem da curva 
de retenção de água de Latossolos utilizando a equação duplo van Genuchten. Revista 
Brasileira de Ciência do Solo,Viçosa, MG, 35: 77-86. 
[11] Centurion J. F, Freddi O. S, Aratani R. G, Metzner A. F. M, Beutler A. N, Andrioli I 
(2007) Influência do cultivo da cana-de-açúcar e da mineralogia da fração argila nas 
propriedades físicas de latossolos vermelhos. Revista Brasileira de Ciência do Solo, 
Viçosa, MG, 31: 199-209. 
[12] Cichota R, Jong Van Lier Q (2004) Análise da variabilidade de pontos amostrais da 
curva de retenção da água no solo. Revista Brasileira de Ciência do Solo, Viçosa, MG, 
28: 585-596. 
[13] Cline M. G, Buol S. W (1973) Soils of the Central Plateau of Brazil and extension of 
results of field research conducted near Planaltina, Federal District, to them. Ithaca, 
Cornell University. 43 p. (Agronomy Mimeo 73-13). 
[14] Cooper M, Vidal-Torrado P (2005) Caracterização morfológica, micromorfológica e 
físico-hídrica de solos com horizonte B Nítico. Revista Brasileira de Ciência do Solo, 
Viçosa, MG, 29: 581-595. 
[15] Curi N (1983) Lithosequence and toposequence of Oxisols from Goiás and Minas Gerais 
states, Brazil. 158f. thesis (Ph.D.)-Purdue University, West Lafayette, Indiana, USA. 
[16] Curi N, Franzmeier D (1984) Toposequence of oxisols from the central plateau of Brazil. 
Soil Science of American Journal, Madison, 48: 341-346. 
[17] Davidian M, Giltinan D. M (1995) Nonlinear models for repeated measurement data. 
London: Chapman and Hall, 359 p. 
[18] Decagon Devices (2000) Operator´s manual version 1.3 WP4-T dewpointmeter. 
Pullman, 70p. 
[19] Dexter A. R (2004) Soil physical quality part I: theory, effects of soil texture, density, and 
organic matter, and effects on root growth. Geoderma, Amsterdam, 120: 201-214. 
[20] Dexter A. R, Bird N. R. A (2001) Methods for predicting the optimum and the range of 
soil water contents for tillage based on the water retention curve. Soil and Tillage 
Research, Amsterdam, 57: 203-212. 
Relations of Clay Fraction Mineralogy,  
Structure and Water Retention in Oxidic Latosols (Oxisols) from the Brazilian Cerrado Biome 165 
[21] Dexter A. R, Czyż E. A, Richard G, Reszkowska A (2008) A user-friendly water 
retention function that takes account of the textural and structural pore spaces in soil. 
Geoderma, Amsterdam, 143: 243-253. 
[22] Dexter A. R, Richard G (2009) Tillage of soils in relation to their bi-modal pore size 
distributions. Soil and Tillage Research, Amsterdam, 103: 113-118. 
[23] Dias Junior M. S (2000) Compactação do solo. In: Novais R. F, Alvarez V. V. H, Schaefer 
C. E Tópicos em ciência do solo. Viçosa, MG: SBCS, pp. 55-94. 
[24] Dodge Y (2008) The concise encyclopedia of statistics. 2. ed. London: Springer, 616 p. 
[25] Dourado Neto D, Nielsen D. R, Hopmans J. W, Reichardt K, Bacchi O. O. S (2000) 
Software to model soil water retention curves: SWRC, version 2.0. Science Agricola, 
Piracicaba, 57: 191-192. 
[26] Draper N. R, Smith H (1998) Applied regression analysis. New York: J. Wiley, 706 p. 
[27] Eberhardt D. N, Vendrame P. R. S, Becquer T, Guimarães M. F (2008) influência da 
granulometria e da mineralogia sobre a retenção do fósforo em Latossolos sob 
pastagens no cerrado. Revista Brasileira de Ciência do Solo, Viçosa, MG, 32: 1009-1016. 
[28] Empresa Brasileira De Pesquisa Agropecuária (2006) Sistema brasileiro de classificação 
de solos. 2. ed. Rio de Janeiro: Ministério da Agricultura e Abastecimento, 306 p. 
[29] Ferreira I. M (2003) Bioma Cerrado: um estudo das paisagens do cerrado. 81f. Tese 
(Doutorado em Geografia, área de concentração em Organização do Espaço), 
Universidade Estadual Paulista/UNESP-Campus de Rio Claro, São Paulo. 
[30] Ferreira M. M, Fernades B, Curi N (1999) Mineralogia da fração argila e estrutura de 
Latossolos da região sudeste do brasil. Revista brasileira de Ciência do Solo, Viçosa, 
MG, 23: 507-514. 
[31] Ferreira M. M, Fernades B, Curi N (1999) Influência da mineralogia da fração argila nas 
propriedades físicas de Latossolos da região sudeste do Brasil. Revista Brasileira de 
Ciência do Solo, Viçosa, MG, 23: 515-524. 
[32] Ferreira M. M, Marcos Z. Z (1983) Estimativa da capacidade de campo de Latossolo 
Vermelho Roxo distrófico e Regossolo através do ponto de inflexão da curva 
característica de umidade. Ciência e Prática, Lavras, 7: 96–101. 
[33] Fisher R. A, Mackenzie W. A (1923) Studies in crop veriation II. The manurial response 
of different potato varieties. Journal of Agricultural Science, Cambridge, 13: 311-320. 
[34] Fontes M. P. F, Camargo O. A, Sposito G (2001) Eletroquímica das partículas coloidais e 
sua relação com a mineralogia de solos altamente intemperizados. Scientia Agricola, 
Piracicaba, 58: 627-646. 
[35] Gaiser T, Graef F, Cordeiro J. C (2000) Water retention characteristics of soils with 
contrasting clay mineral composition in semi-arid tropical regions. Australian Journal 
of Soil Research, Australia, 38: 523-36. 
[36] Genuchten M. T. van (1980) A closed-form equation for predicting the hydraulic 
conductivity of unsaturated soils. Soil Science Society American Journal, Madison, 44: 
892-898. 
[37] Giarola N. F. B, Silva A. P, Imhoff S (2002) Relações entre propriedades físicas e 
características de solos da região sul do Brasil. Revista Brasileira de Ciência do Solo, 
Viçosa, MG, 26: 885-893. 
 
Clay Minerals in Nature – Their Characterization, Modification and Application 166 
[38] Gomes J. B. V, Curi N, Motta P. E. F, Ker J. C, Marques J. J. G. S. M, Schulze D. G (2004) 
Análise de componentes principais de atributos físicos, químicos e mineralógicos de 
solos do bioma cerrado. Revista Brasileira de Ciência do Solo, Viçosa, MG, 28: 137-153. 
[39] Gomes J. B. V, Curi N, Schulze D. G, Marques J. J. G. S. M, Ker J. C, Motta P. E. F (2004) 
Mineralogia, morfologia e análise microscópica de solos do bioma cerrado. Revista 
Brasileira de Ciência do Solo, Viçosa, MG, 28: 679-694. 
[40] Gupta S. C, Larson W. E (1979) Estimating soil water retention characteristics from 
particle size distribution, organic matter percent, and bulk density. Water Resources 
Research, New York, 15: 1633-1635. 
[41] Hillel D (1982) Introduction to soil physics. San Diego: Academic. 365 p. 
[42] Hutson J. L, Cass A (1987) A retentivity functions for use in soil-water simulation 
models. Soil Science Journal, Baltimore, 38: 105-113. 
[43] Iuss Working Group Wrb (2006) World Reference Base for Soil Resources. World Soil 
Resources Reports No. 103. FAO, Rome. 128 p. 
[44] Kampf N, Curi N (2003) Argilominerais em solos brasileiros.In: Curi, N.; Marques, J. J.. 
G. S. M.; Guilherme, L. R. G.; Lima, J. M.; Lopes, A. S.; Venegas, V. H. A. (Org.).Tópicos 
em Ciência do Solo. Viçosa, MG:Sociedade Brasileira de Ciência do Solo, 3: 1-54.  
[45] Kastanek F. J, Nielsen D. R (2001) Description of soil water characteristics using cubic 
spline interpolation. Soil Science Society of America Journal, Madison, 65: 279-283. 
[46] Ker J. C (1997) Latossolos do Brasil: uma revisão. Geonomos, Belo Horizonte, 5: 17-40. 
[47] Ker J. C, Resende M. (1996) Recursos edáficos dos Cerrados: ocorrência e potencial. In: 
Simpósio Sobre O Cerrado: biodiversidade e produção sustentável de alimentos e fibras 
no cerrado, 8., Planaltina, 1996. Anais. Planaltina, Empresa Brasileira de Pesquisa 
Agropecuária- CPAC, pp.15-19. 
[48] Khuri A. I (2003) Advanced calculus with applications in statistics. 2. ed. Hoboken: J. 
Wiley. 
[49] Kiehl E. J (1979) Manual de edafologia. São Paulo, Agronômica Ceres, 262 p. 
[50] Klein V. A, Libardi P. L (2002) Densidade e distribuição do diâmetro dos poros de um 
Latossolo Vermelho sob diferentes sistemas de uso e manejo. Revista Brasileira de 
Ciência do Solo, Viçosa, MG, 26: 857-867. 
[51] Larson W.E, Gupta S. C (1980) Estimating critical stress in unsaturated soils from 
changes in pore water pressureduring confined compression. Soil Science society of 
American Journal, Madison, J. 44: 1127-1132. 
[52] Macedo J (1996) Os solos da região dos cerrados.In:Alvares, V. H.; Fontes, L. E. F.; 
Fontes, M. P. F. (Ed.). O solo nos grandes domínios morfoclimáticos do Brasil e o 
desenvolvimento sustentado. Viçosa, MG: SBCS/UFV, pp.135-155. 
[53] Marcos Z. Z (1968) Estrutura, agregação e água do solo. 55f. (Doutorado em Solos e 
Nutrição de Plantas) - Escola Superior de Agricultura Luiz de Queiróz, Piracicaba.  
[54] Marques J. J, Schulze D. G, Curi N, Mertzman S. A (2004) Major element geochemistry 
and geomorphic relationships in Brazilian Cerrado soils. Geoderma, Amsterdam, 119: 
179-195.  
Relations of Clay Fraction Mineralogy,  
Structure and Water Retention in Oxidic Latosols (Oxisols) from the Brazilian Cerrado Biome 167 
[55] Marshall T. L (1962) The nature, development and significance of soil structure. In: 
Neale, G.J., ed. Trans. Of Joint Meeting Of Commissions, 4 & 5. (ISSS). Palmerston 
North, New Zealand, pp.243-257. 
[56] Mazucheli J, Achcar J. A (2002) Algumas considerações em regressão não linear. Acta 
scientiarum, Maringá, 24: 1761–1770. 
[57] Mello C. R, Oliveira G. C, Ferreira D. F, Lima J. M (2002) Predição da porosidade 
drenável e disponibilidade de água para Cambissolos da Microrregião Campos das 
Vertentes, MG. Pesquisa Agropecuária Brasileira, Brasília, 37: 1319-1324. 
[58] Mello C. R, Oliveira G. C, Resck D. V. S, Lima J. M, Dias Junior M. S (2002) Estimativa 
da capacidade de campo baseada no ponto de inflexão da curva característica. Ciência e 
Agrotecnologia, Lavras, 26: 836-841. 
[59] Moraes S. O, Libardi P. L, Reichardt K, Bacchi O. O. S (1993) Heterogeneidade dos 
pontos experimentais de curvas de retenção da água no solo. Scientia Agricolae, 50: 
393–403. 
[60] Moreira F. M. S, Siqueira J. O (2007) Microbiologia e bioquímica do solo. 2. ed. Lavras: 
UFLA. 626 p. 
[61] Mualem Y (1976) A new model for predicting the hydraulic conductivity of unsatured 
porous media. Water Resource Research, New York, 12: 513-522. 
[62] Ochiston H.D (1954) Adsorption of water vapor: II. clays at 25°C. Soil Science. 78: 463–
480. 
[63] Oliveira G. C, Dias Junior M. S, Resck D. V. S, Curi N (2004) Caracterização química e 
físico-hídrica de um Latossolo Vermelho após vinte anos de Manejo e cultivo do solo. 
Revista Brasileira de Ciência do Solo, Viçosa, MG, 28: 327-336. 
[64] Oliveira G. C, Dias Junior M. S, Resck D. V. S, Curi N (2003) Alterações estruturais e 
comportamento compressivo de um Latossolo Vermelho Distrófico argiloso sob 
diferentes sistemas de uso e manejo. Pesquisa Agropecuária Brasileira, Brasília, 38: 291-
299. 
[65] Pedrotti A, Ferreira M. M, Curi N, Silva M. L. N, Lima J. M, Carvalho R (2003) Relação 
entre atributos físicos, mineralogia da fração argila e formas de alumínio no solo. 
Revista Brasileira de Ciência do Solo, 27: 1-9. 
[66] Pereira T. T. C, Ker J. C, Schaefer C. E. G. R, Barros N. F, Neves J. C. L, Almeida C. C 
(2010) Gênese de Latossolos e Cambissolos desenvolvidos de Rochas Pelíticas do Grupo 
Bambuí – Minas Gerais. Revista Brasileira de Ciência do Solo, Viçosa, MG, 34: 1283-
1295. 
[67] Pereira J. M, Muniz J. A, Silva C. A (2005) Nonlinear models to predict nitrogen 
mineralization in an Oxisol. Scientia Agricola, 62: 548–554. 
[68] Pereira J. M, Muniz J. A, Sáfadi T, Silva, C. A (2009) Comparação entre modelos para 
predição do nitrogênio mineralizado: uma abordagem bayesiana. Ciência e 
Agrotecnologia, 33: 1792–1797. 
[69] R Development Core Team (2011) R: a language and environment for statistical 
computing. Vienna: R Foundation for Statistical Computing. Avaiable: http://www.R-
project.org. Acessed: 2011 Fev. 2. 
 
Clay Minerals in Nature – Their Characterization, Modification and Application 168 
[70] Rawls W. J, Gish T. J, Brakensiek D. L (1991) Estimating soil water retention from soil 
physical properties and characteristics. Advencend Soil Society, New York, 16: 213-234. 
[71] Reatto A (2009) Nature et propriétés de l'horizon diagnostic de Latosols du Plateau 
Central brésilien. 220f. Thesis (Docteur de l’Université d’Orléans: Sciences du Sol)-
Université D’Orléans, Orléans, France. 
[72] Reatto A, Bruand A, Martins E. S, Muller F, Silva E. M, Carvalho Junior O. A, Brossard 
M, Richard G (2009) Development and origin of the microgranular structure in Latosols 
of the Brazilian central plateau: significance of testure, mineralogy, and biological 
activity. Catena, Cremlingen, 76: 122-134. 
[73] Reatto A, Bruand A, Silva E. M, Martins E. S, Brossard M (2007) Hydraulic properties of 
the diagnostic horizon of Latosols of a regional toposequencia across the Brazilian 
central platea. Geoderma, Amsterdam, 139: 251-259. 
[74] Reatto A, Martins E. S, Spera S. T, Correia J. R (2000) Variabilidade mineralógica de 
Latossolos da área da Embrapa Cerrados em relação aos do bioma cerrado. Planaltina, 
DF: Embrapa Cerrados, 39p. (Embrapa Cerrados. Boletim de Pesquisa, 19). 
[75] Resck D. V. S, Pereira J, Silva J. E (1991) Dinâmica da Matéria Orgânica na Região dos 
Cerrados. Planaltina: Empresa Brasileira de Pesquisas Agropecuárias. 1991. 22p. (Série 
documentos, 36). 
[76] Resende M, Curi N, Ker J. C, Rezende S. B (2011) Mineralogia de solos Brasileiros: 
Interpretação e aplicações. Lavras, Editora UFLA. 201p. Il. (2ª edição revisada e 
ampliada). 
[77] Resende M, Curi N, Rezende S. B, Corrêa G. F (2007) Pedologia: base para distinção de 
ambientes. 5. ed. Lavras: UFLA, 322 p. 
[78] Resende M, Ker J. C, Bahia Filho A. F. C (1996) Desenvolvimento sustentado do cerrado. 
In: Alvarez V. V. H, Fontes L. E. F, Fontes M. P. F, eds. Os solos nos grandes domínios 
morfoclimáticos do Brasil e o desenvolvimento sustentado. Viçosa, Sociedade Brasileira 
de Ciência do Solo/UFV-DPS, pp.169-199 
[79] Richards L. A (1965) Physical conditions of water in soil. In: Black, C.A., ed. Methods of 
soil analysis. Part 1. Madison, American Society for Testing and Materials, (Agronomy, 
9) 770 p. 
[80] Richards L. A, Weaver L. R (1943) Fitten-atmosphere percentage as related to the 
permanent wilting percentage. Soil Science, Baltimore, 56: 331-339. 
[81] Rodrigues A. C (2010) Germinação e reindução da tolerância à dessecação em sementes 
de Bauhinia forficata Link (Fabaceae). 64 f. Dissertação (Mestrado em Fisiologia 
Vegetal) - Universidade Federal de Lavras, Lavras. 
[82] Rossi C, Nimmo J. R (1994) Modeling of soil water retention from saturation to oven 
dryness. Water Resources Research, New York, 30: 701-708. 
[83] Schaefer C. E. G. R, Fabris J. D, Ker J. C (2008) Minerals in the clay fraction of brazilian 
Latosols (Oxisols): A Review. Clay Minerals, 43: 1-18. 
[84] Seber G. A. F, Wild C. J (1989) Nonlinear regression. New York: J. Wiley. 
[85] Severiano E. C (2010) Alterações estruturais de latossolos representativos da região do 
cerrado e potencial de uso de solos cultivados com cana-de-açúcar. 148f. Tese 
(Doutorado em Ciência do Solo) - Universidade Federal de Lavras, Lavras, Brasil. 
Relations of Clay Fraction Mineralogy,  
Structure and Water Retention in Oxidic Latosols (Oxisols) from the Brazilian Cerrado Biome 169 
[86] Severiano E. C, Oliveira G. C, Dias Júnior M. S, Castro M. B, Oliveira L. F. C, Costa K. A. 
P (2010) Compactação de solos cultivados com cana-de-açúcar: I - modelagem e 
quantificação da compactação adicional após as operações de colheita. Engenharia 
Agrícola, Jaboticabal, 30: 404-413. 
[87] Severiano E. C, Oliveira G. C, Dias Júnior M. S, Castro M. B, Oliveira L. F. C, Costa K. A. 
P (2010) Compactação de solos cultivados com cana-de-açúcar: II - quantificação das 
restrições às funções edáficas do solo em decorrência da compactação prejudicial. 
Engenharia Agrícola, Jaboticabal, 30: 414-423. 
[88] Severiano E. C, Oliveira G. C, Dias Júnior M. S, Costa K. A. P, Silva F. G, Ferreira Filho 
S. M (2011). Structural changes in latosols of the cerrado region: i – relationships 
between soil physical properties and least limiting water range. Revista Brasileira de 
Ciência do Solo, Viçosa, MG, 35: 773-782. 
[89] Severiano E. C, Oliveira G. C, Dias Júnior M. S, Costa K. A. P, Benites V. M, Ferreira 
Filho S. M (2011) Structural changes in latosols of the cerrado Region: ii – soil 
compressive behavior and Modeling of additional compaction. Revista Brasileira de 
Ciência do Solo, Viçosa, MG, 35: 783-791. 
[90] Silva E. M, Lima J. E. F. W, Azevedo J. A, Rodrigues L. N (2006) Valores de tensão na 
determinação da curva de retenção de água de solos do Cerrado. Pesquisa 
Agropecuária Brasileira, Brasília, 41: 323-330. 
[91] Soares J. L. N, Espíndola C. R, Castro S. S (2005) Alteração física e morfológica em solos 
cultivados sob sistema tradicional de manejo. Revista Brasileira de Ciência do Solo, 
Viçosa, MG, 29: 1005-1014. 
[92] Soil Survey Staff 1998. Keys to soil taxonomy, 8 ed. United States Department of 
Agriculture, Natural Resources Conservation Service, Washington.326 p. 
[93] Sousa D. M. G, Lobato E (2004) (Ed.) Cerrado: correção do solo e adubação. Planaltina: 
Embrapa Cerrados, 416 p. 
[94] Souza G. S (1998) Introdução aos modelos de regressão linear e não linear. Brasília: 
Embrapa- SPI/Emprapa-SEA. 489 p. 
[95] Souza E. M, Muniz J. A, Marchi G, Guilherme L. R. G (2010) Modelagem não-linear da 
extração de zinco de um lodo de esgoto. Acta Scientiarum. Technology (Impresso), 32: 
193–199. 
[96] Van Den Berg M, Klamt E, Van Reeuwijk L. P, Sombroek W.G (1997) Pedotransfer 
functions for the estimation of moisture retention characteristics of Ferralsols and 
related soils. Geoderma, 78: 161–180. 
[97] Vendrame P. R. S, Eberhardt D. N, Brito O. R, Marchão R. L, Quantin C, Becquer T 
(2011) Formas de ferro e alumínio e suas relações com textura, mineralogia e carbono 
orgânico em Latossolos do Cerrado. Semina: Ciências Agrárias, Londrina, 32: 1657-1666. 
[98] Viana J. H. M, Fernandes Filho E. I, Schaefer C. E. G. R, (2004) Efeitos de ciclos de 
umedecimento e secagem na reorganização da estrutura microgranular de latossolos. 
Revista Brasileira de Ciências do Solo, Viçosa, MG, 28: 11-19. 
[99] Vitorino A. C. T, Ferreira M. M, Curi N, Lima J. M, Silva M. L. N, Motta P. E. F (2003) 
Mineralogia, química e estabilidade de agregados do tamanho de silte de solos da 
região Sudeste do Brasil. Pesquisa Agropecuária Brasileira, 38: 133-141. 
 
Clay Minerals in Nature – Their Characterization, Modification and Application 170 
[100] Vollant-Tuduri N, Bruand A, Brossard M, Balbino L.C, Oliveira M. I. L, Martins E. S 
(2005) Mass proportion of microaggregates and bulk density in a Brazilian clayey 
Oxisol. Soil Science Society American Journal, Amsterdam, 69: 1559-1564. 
[101] Zeviani W. M (2009) Avaliação de modelos de regressão não linear na cinética de 
liberação de potássio de resíduos orgânicos. 85f. (Mestrado em Estatística e 
Experimentação Agropecuária)-Universidade Federal de Lavras, Lavras. 
[102] Weisberg S (2005) Applied Linear Regression. 3. Ed. Nova Iorque: John Wiley & Sons, 
310 p. 
[103] Wösten J. H. M, Schuren C. H. J. E, Bouma J, Stein A (1990) Functional sensitivity 
analysis of four methods to generate soil hydraulic functions. Soil Science Society of 
America Journal, Madison, 55: 832-836. 
